A full-length cDNA encoding mitochondrial phosphate transporter was isolated from symbiotic nodules of Lotus japonicus, a model legume. The gene appeared to be single-copied and its transcript was abundant in roots, symbiotic root nodules and shoots, in that order. The L. japonicus transporter has a conserved N-ethylmaleimide-reactive Cys residue. Site-directed mutagenesis and phosphate transport assaying in vitro showed that this Cys residue is preferable for the transport activity, although it can be replaced to some extent by Ser, but not by Ala.
Mitochondrial phosphate transporter (MPT) is responsible for transporting inorganic phosphate (P i ) into the mitochondrial matrix, where the P i is utilized for oxidative phosphorylation of ADP to ATP. It catalyzes P i -/H + symport or P i -/OH -antiport as well as P i -/P i -exchange (Phelps et al. 1996 , Schroers et al. 1997 . Mammalian MPTs are known to be inactivated through alkylation of a specific Cys residue, Cys42 for bovine heart MPT, by N-ethylmaleimide (NEM) (Kaplan et al. 1986, Kolbe and Wohlrab 1985) . It was previously shown that plant MPTs also have this conserved Cys (Kiiskinen et al. 1997 , Takabatake et al. 1999 and that their activities are sensitive to NEM (Takabatake et al. 1999) . Thus, the Cys residue may be essential for the transport activity. However, the MPT of yeast Saccharomyces cerevisiae has Thr instead of the NEM-reactive Cys (Phelps et al. 1991 , Takabatake et al. 2001 . Moreover, replacement of the Thr with Cys resulted in lower activity than that of the yeast wild-type MPT (Wohlrab and Briggs 1994) .
Therefore, it was of interest to re-examine the function of the Cys residue in MPT molecules from plants and mammals.
Lotus japonicus is a model legume because it is a diploid, autogamous, small, and transformable plant with a short generation time and a small genome size (500 Mbp/haploid genome) (Handberg and Stougaard 1992) . Since symbiosis with rhizobia is the most obvious characteristic of leguminous plants, nodule formation of L. japonicus roots has attracted much attention (Stougaard 2000 , Banba et al. 2001 . Besides studies on symbiotic nodules, however, the characterization of enzymes and transporters involved in fundamental metabolism of this model plant is also important. In the present communication, we report cDNA cloning and expression of the L. japonicus MPT gene, LjMPT. We also reveal how the conserved Cys residue is important for P i transport activity, with the aid of site-directed mutagenesis for the first time for plant and mammalian MPTs.
LjMPT encoded a 356-amino acid polypeptide with six putative transmembrane domains (Fig. 1A) . The N-terminal 40-50 amino acids may constitute a signal peptide. As expected, the predicted LjMPT protein also had the NEMreactive Cys residue. The MPT of soybean, another legume, is the most closely related homolog to LjMPT (Fig. 1B) .
Southern blot analysis suggested that there is a single copy of the LjMPT gene in the genome of L. japonicus ( Fig.  2A ). This is in contrast to the cases of soybean and maize (Takabatake et al. 1999) , but in accord with the birch MPT1 gene (Kiiskinen et al. 1997) . In parallel with these experiments, an extensive search for L. japonicus expression sequence tags in the Kazusa DNA Research Institute and Max Planck Institute databases revealed 40 DNA sequences for MPTs, all the DNA sequences being identical to the portions of LjMPT (data not shown). Therefore, LjMPT may be the only functional gene in L. japonicus for MPT. However, the results in Fig. 2A do not necessarily rule out the presence of additional genes for MPT-like proteins with low homology to LjMPT. In Arabidopsis, for example, there are three genes encoding MPT-like proteins, only one of which is expressed under normal conditions (R. Takabatake, unpublished data). Soybean and rice also seem to have at least one (accession number, BE820638) and two (AU163375 and AU092199) additional forms, respectively, besides the reported ones (Takabatake et al. 1999) . To determine the number of genes for MPT-like proteins, completion of the L. japonicus genome project is required.
Expression of the LjMPT transcript was investigated by
Northern blotting. As shown in Fig. 2B , the level of the transcript, 1.6 kb in size, was highest in roots. The level was also significant in symbiotic root nodules and shoots, reflecting housekeeping roles of LjMPT.
To examine the function of the conserved Cys residue in the LjMPT molecule, we prepared two mutants, C90S and C90A, where the side chain of this Cys, -CH 2 SH, was substituted by -CH 2 OH and -CH 3 , respectively. Immunoblot analysis using antisera against soybean MPT confirmed that expression in E. coli and solubilization from the resulting inclusion bodies were carried out with nearly equal efficiency for all the three recombinant proteins (data not shown). In vitro P i transport assaying showed that the wild-type recombinant LjMPT had the highest activity (Fig. 3) . Replacement of the Cys with Ala abolished the transport activity completely. This indicates that the Cys plays an important role, possibly being involved in the formation of a catalytic center of the transporter. Notably, replacement of the Cys with Ser resulted in significant activity (Fig. 3) . Thus, the Cys residue is replaceable by Ser. This is the first observation for not only plant but also mammalian MPTs. However, it is also noteworthy that the substitution of the Cys by Ser resulted in lower activity than that of the wild type (Fig. 3) . This may be why the Cys is conserved among MPTs of many species. We conclude that the Cys residue is preferable, but not essential, for the transport activity. Since yeast MPT has Thr instead of Cys (Phelps et al. 1991) , the Cys residue of plant MPTs might also be replaceable by Thr.
Total RNA was extracted from mature root nodules (about 40 d after inoculation of Mesorhizobium loti "Tono"), and then poly(A) + RNA was selected by the standard method (Sambrook and Russell 2001) . Oligo(dT)-primed cDNAs were synthesized from the poly(A)
+ RNA preparation using a cDNA synthesis kit (Amersham Biosciences), and then inserted between the EcoRI and XhoI sites of lambdaZAPII (Stratagene). The resulting cDNA library contained approximately 3´10 6 independent phage clones. About 9´10 5 clones out of them were screened using 32 P-labeled entire cDNA for soybean MPT (Takabatake et al. 1999 ) as a probe. Six positive clones were found, and the longest cDNA, designated as LjMPT, was subcloned in pBluescriptII and sequenced. Blothybridization analyses were carried out under high-stringency conditions (Takabatake et al. 1999, Sambrook and Russell 2001) . Replacement of the NEM-reactive Cys90 (codon TGT) with Ser (AGT) or Ala (GCT) was performed with the aid of PCR. Removal of the 5¢-non-coding regions of the wild-type LjMPT and the resulting mutant cDNAs, concomitant introduction of an NcoI site at each initiation codon, subcloning into the pET24d vector, expression and solubilization of the recombinant proteins in Escherichia coli, reconstitution of proteoliposomes, and phosphate transport assaying in vitro were all carried out as described previously (Takabatake et al. 1999) . Rabbit antisera against the recombinant soybean MPT (Takabatake et al. 1999) were prepared by Sawady Co. (Tokyo). Immunoblot analysis with the antisera was performed in a conventional way (Sambrook and Russell 2001) . japonicus plants were separated on a 1% denaturing agarose gel, blotted onto a nylon membrane, and then probed with the 32 P-labeled entire cDNA fragment of LjMPT under high-stringency conditions. Fig. 3 Variation of the uptake of 32 P i by proteoliposomes containing the wild-type or mutant recombinant MPTs. The reaction was carried out at 25°C and the uptake of 32 P i was calculated by subtracting the control value for liposomes without proteins from the apparent uptake into the proteoliposomes as described (Takabatake et al. 1999 
